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HYDROCARBON-AIR FUEL C E L L S  EMPLOYING SLURRIED MOLTEN 

\ 

CARBONATE ELECTROLYTES 1 
I s a a c  T r a c h t e n b e r g  

T e x a s  I n s t r u m e n t s  Inco rpora t ed ,  P. 0. Box 5936 
Da l l a s ,  T e x a s  75222 

F u e l  c e l l s  employing m i x t u r e s  of m o l t e n  a lka l i  c a r b o n a t e s  a s  t he  e l ec t ro ly t e  have  bee? 
d e s c r i b e d .  
c e r a m i c  i m p r e g n a t e d  wi th  the  e l ec t ro ly t e ,  a p a s t e  m a t r ~ x ~ - ~  cons is t ing  of 
a m i x t u r e  of f ine  c e r a m i c  p a r t i c l e s  and  the  e l ec t ro ly t e  tha t  i s  p r e f o r m e d ,  and a f r e e  
e l ec t ro ly t e7 '  In the  f i r s t  two groups ,  t h e  c e r a m i c - e l e c t r o l y t e  body 
is the  s t r u c t u r a l  m e m b e r  a n d  s u p p o r t s  not only i t se l f  but a l so  the  e l ec t rodes .  In the 
i r e e  e l ec t ro ly t e  c e l l s ,  the  e l e c t r o d e s  a r e  t h e  s t r u c t u r a l  m e m b e r s  and  m u s t  to a g rea t  
ex ten t  conta in  the  v e r y  d i f f icu l t  t o  handle  e l ec t ro ly t e .  
d e s c r i b e d  h e r e  t a k e s  advan tage  of the  b e s t  of the  c e l l s  men t ioned  above. T h e r e  i s  no 
n e e d  f o r  a p r e - s i n t e r e d  or  p r e f o r m e d  c e r a m i c - e l e c t r o l y t e  body. T h e  e l e c t r o d e s  a r e  
the  s t r u c t u r a l  m e m b e r s .  
t a in  the  e l ec t ro ly t e .  
s t r e n g t h .  

T h e s e  c e l l s  c a n  b e  d iv ided  in to  t h r e e  groups: t hose  that employ a fixed 

with no m a t r i x .  

T h e  s l u r r i e d  e l ec t ro ly t e  ce l l  ' 

T h e  c e r a m i c  p a r t i c l e s  s e r v e  as  a s e p a r a t o r  and he lp  con- 
T h e  e l e c t r o l y t e - c e r a m i c  s l u r r y  h a s  no r e q u i r e m e n t  f o r  structui-91 

/i C e l l  Desc r ip t ion  

F i g u r e  1 i s  a photograph of a n  a c t u a l  t e s t  c e l l  b e f o r e  opera t ion .  
two c e l l s  connec ted  e l e c t r i c a l l y  i n  p a r a l l e l  and  is r e f e r r e d  t o  a s  a 1 x 2 unit. 
g a s  supply  flows be tween  t h e  two anodes .  
wh ich  conta ins  t h e  ca thode  g a s  supply.  
and  the  anodes  t o  the  r e a r  plenum. 
b a r ,  and  c e l l  vo l tage  i s  m e a s u r e d  between t h e  l e a d s  coming f.rom the  top  of t he  front 
and  r e a r  plenums.  
c e r a m i c  e l ec t ro ly t e  reservoir cup. 
s u c h  e l e c t r o d e s  i n  p a r a l l e l ,  t h e r e  i s  a to ta l  g e o m e t r i c  e l e c t r o d e  a r e a  of 8 sq. i n . ,  or  
51.  6 sq. c m ,  of e a c h  e l e c t r o d e  (anode  and ca thode)  in  t h e s e  units.  

T h i s  unit  cons i s t s  o f -  
The fue l  

T h e  ca thodes  a r e  connec ted  to  the  f ron t  plenum 
T h e  unit  i s  p l aced  in  a fu rnace  c h a m b e r  

. , 
T h e  fue l  g a s  plumbing i s  u s e d  f o r  the c u r r e n t  bus.' 

' 

A s i l v e r  w i r e  u s e d  a s  a t h i r d  idling e l e c t r o d e  is p laced  in  the  
E a c h  e l e c t r o d e  is 1 in. x 4 in. S ince  t h e r e  a r e  t y o  

F i g u r e  1 shows oniy (i 
I 4 

/ 

one  of t he  two working ca thodes .  

-4 cutaway pe r spec t ive  of t h e  unit  is shown in Fig .  2. 
connec ted  toge the r  a t  t h e  p l enum but  a l s o  have a c o r r u g a t e d  n icke l  s c r e e n  welded 
between them to y ie ld  a s t r o n g e r  s t r u c t u r e ,  p rovide  b e t t e r  d i s t r ibu t ion  of the  g a s e s ,  
and to s e r v e  a s  a s e c o n d a r y  e l ec t rode .  In t h e  e x p e r i m e n t s  d e s c r i b e d  h e r e  magnes i a  
p a r t i c l e s  a r e  used  t o  f o r m  t h e  e l ec t ro ly t e  s l u r r y .  When the  unit is a s s e m b l e d ,  d r y  
M g O  of s e l ec t ed  p a r t i c l e  s i z e  (depending on the  e l e c t r o d e  s t r u c t u r e )  is p laced  between7 
the  work ing  ca thodes  a n d  anodes .  , A mix tu re ' o f  50 m o l  70 L i 2 C 0 3  and  50 m o l  70 
NaZC03  i s  p r e p a r e d ,  f u s e d ,  b r o k e n  into p i eces  about 2 t o  1 0 - m e s h ,  and p laced  in  the 
e l e c t r o l y t e  r e s e r v o i r  cup .  
ope ra t ing  t e m p e r a t u r e .  
c a p i l l a r y  ac t ion  up  t h e  MgO-fi l led a lumina  f eed  tubes  and into t h e  MgO p a r t i c l e s  
between the  working anodes  and  ca thodes .  
the  addi t iona l  e l ec t ro ly t e  i n  t h e  r e s e r v o i r  c u p  m e r e l y  r e m a i n s  t h e r e  until  i t  is needed 
to r e p l a c e  any  e l ec t ro ly t e  w h i c h  m a y  evapora t e  f r o m  the s l u r r y .  
unit  p e r m i t s  v e r y  e a s y  and r ap id  addi t ion  of e l ec t ro ly t e  t o  the  unit when  i t  is ope ra t ed  
cont inuous ly  f o r  ex tended  t i m e  in t e rva l s .  

T h e  p r i m a r y  anodes  a r e  not only 
J 

T h e  e n t i r e  a s s e m b l y  i s  p l aced  in a f u r n a c e  and r a i s e d  to 
At about  5OO0C the e l ec t ro ly t e  begins  to m e l t  and i s  drawn by 

Once the  e l ec t ro ly t e  h a s  sa tu ra t ed  the  LIgo,  

T h i s  f ea tu re  of the 
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E x p e r i m e n t a l  

f l  The  following d i scuss ion  wi l l  pe r t a in  t o  the  p e r f o r m a n c e  of s e v e r a l  of the  1 x 2 units 
i n  which the  s t r u c t u r e  of t he  e l e c t r o d e s  w a s  changed. 

I suppl ies  w e r e  held cons tan t .  The  fue l  g a s  supply  w a s  a s imula t ed  n a t u r a l  g a s  (CH4) 
r e f o r m a t e  cons is t ing  of approx ima te ly  8070 w e t  H2 and  2070 C 0 2 .  
wl th  the  s imula ted  n a t u r a l  g a s  r e f o r m a t e  h a s  shown tha t  t h i s  m i x t u r e  is w a t e r - g a s  
sh i f ted  in  the  s t ee l  plumbing to a n e a r l y  equ i l ib r ium (>90%)  m i x t u r e  of H2 ,  HZO, 
CO2, and CO a t  t he  ope ra t ing  t e m p e r a t u r e  of t h e  ce l l .  
the  f u r n a c e  c h a m b e r  w a s  80% a i r  and 2070 C 0 2 .  

In t h e s e  e x p e r i m e n t s  the  gas  

P r e v i o u s  expe r i ence  

The  ca thode  g a s  suppl ied  to 

The  c e l l s  w e r e u n d e r  s o m e  load f o r  m o r e  than  9570 of t h e , r e p o r t e d  ope ra t ing  life. 
Opera t ion  of a l l  the  c e l l s  d e s c r i b e d  w a s  voluntar i ly  t e r m i n a t e d  f o r  pos tope ra t ive  
examinat ion  while the c e l l s  w e r e  s t i l l  pe r fo rming  a t  a n  accep tab le  l eve l  (>20 wat t s / f t2 ) .  

T h e  da ta  p re sen ted  h e r e  w e r e  obtained from cur ren t -vo l t age  (E-I) c u r v e s  r e c o r d e d  
daily except  f o r  s o m e  of the  week  ends .  T h e s e  t r a c e s  w e r e  obta ined  f r o m  the  working 
ca thode  1 ;e rsus  the  working anode and f r o m  the  anode  and ca thode  individually v e r s u s  

\, ,the t h i r d  idling e l ec t rode .  The  l a t t e r  c u r v e s  w e r e  r e c o r d e d  to  d e t e r m i n e  to ta l  po lar i -  
zation of t:he individual e l ec t rodes .  
Variplott .er  o r  a Var i an  F80 X - Y  r e c o r d e r .  

T r a c e s  w e r e  obtained us ing  e i t h e r  an E A 1  1110 . 

C u r r e n t  i n t e r rup t ion  s tud ie s  s i m i l a r  to those  p rev ious ly  r epor t ed '  ' 
n1atri.s c e l l s  w e r e  pe r fo rmed .  T h e s e  s tud ie s  continued to show tha t  the to ta l  po la r i -  
zation i s  composed of two componen t s ,  ohmic  and  concen t r a t ion  polar iza t ion .  These  \ i n t e r r u p t e r  s tud ies  a l so  ve r i f i ed  the  1000 cyc le  r e s i s t a n c e  m e a s u r e m e n t s  of the  total 

f o r  s i n t e r e d  

I i n t e rna l  ce l l  r e s i s t a n c e  and d e t e r m i n e d  the  ind iv idua l  anode and  ca thode  ohmic  r e -  
s i s t ances .  

B P c r f o r m a n c e  and polar iza t ion  da ta  a s  a function of ope ra t ing  t i m e  w e r e  p re sen ted  to a 
7040 c o m p u t e r  to d e t e r m i n e  the  b e s t  l e a s t  m e a n  s q u a r e  s t r a i g h t  l i ne ,  t h e  s t a n d a r d  
e r r o r  of the  da ta  poin ts ,  and the  s t anda rd  e r r o r  of t he  s lope  of the  l e a s t  m e a n s  squa re  
l ine.  The ce l l  da ta  t r e a t e d  in th i s  m a n n e r  inc lude  power dens i ty  i n  w a t t s / f t 2  a t  a 
iixed t e r m i n a l  voltage,  open c i r c u i t  vo l tage ,  t o t a l  anode  po la r i za t ion ,  and  to ta l  cathode 

4 

' ' 
'\ polar iza t ion .  

! 

Tota l  anode  and ca thode  polar iza t ion  a r e  def ined  a s  t h e  d i f f e rence  
\ bet\veen the  potential  v e r s u s  the  t h i r d  idling e l e c t r o d e  a t  open  c i r c u i t  vo l tage  and  tha t ,  
"t the  given c u r r e n t  dens i ty .  T h e s e  da t a  a r e  d i s c u s s e d  in  de t a i l  i n  the  following sec t ion .  

D i scuss ion  of Resu l t s  

F i g u r e  3 shows t \vo  power v e r s u s  h o u r s  of ope ra t ion  c u r v e s  f o r  1 x 2 unit  #47-47. 
Th i s  ce l l  w a s  ope ra t ed  a t  6OO0C f o r  1100 h o u r s  be fo re  i t s  ope ra t ion  w a s  t e rmina ted  
voluntar j ly .  
plated 1 2 0 - m e s h  s t a in l e s s  :steel ca thodes .  A secondary  ca thode  of t he  s a m e  s i l v e r -  
plzited m a t e r i a l  w a s  a l s o  used  on  the cathode. ( T h i s  s econdary  ca thode  c a n  be s e e n  
on  t h e  ca thodc i  in Fig.  10 . )  T h e  MgO w a s  s i z e d  s o  that  i t  could be  conta ined  i n  the 
ic rcen . - ,  (7  120-mcsh) .  
sc.ntati\.e of a l l  of the points. The  solid l i n e s  a r e  the  b e s t  l e a s t  m e a n  s q u a r e  l i ne  at  
the t \ v o  ce l l  t e r m i n a l  vo l tages  of  0. 5 .and 0. 7 volt  respec t ive ly .  
indi';ites th,c s t anda rd  deviation of the points f r o m  the  l ine.  
0. j \.olt' >bows a sl ight i n c r e a s e  in  p o w e r  and tha t  a t  0. 7 volt  exhib i t s  a sl ight de -  
~ . : - ~ i s ; e  ~n pov'cr ;is a function of h o u r s  of ope ra t ion ;  ne i the r  obse rva t ion  is  s ta t i s t ica l ly  
,;ipniiic.;,nt. 

1 
' 
i\ 

It conta ins  1 2 0 - m e s h  N i  s c r e e n  p r i m a r y  and secondary  anodes  and  s i l v e r -  

\ 
\ 
18 
''\ 

The  data points shown w e r e  se l ec t ed  r andomly  and  a r e  r e p r e -  

T h e  dashed  l i ne  
Although t h e  l ine a t  

\ 

' 
' 

'I, T;,bl( .  I t h c  end of th i s  sec t ion) .  S i m i l a r  t r e a t m e n t s  of t he  open c i r c u i t  vo l tage ,  
Thc- c r r o r s  in both s lopes  a r e  g r e a t e r  than the  s lopes  t h e m s e l v e s  ( see  

1 
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anode  and  cathode po la r i za t ion  a t  c u r r e n t  d e n s i t i e s  u p  t o  75 m n / c m 2  also exhibit  
no s igni f icant  s lopes .  

F r o m  t h e s e  data i t  i s  conc luded  tha t  within t h e  l i m i t s  of reproducib i l i ty  of c e l l  pe r -  
f o r m a n c e  f r o m  day to day  t h e r e  w a s  e s sen t i a l ly  n o  .change i n  per ior r r iance  f o r  1100 
h o u r s  of opera t ion .  

Ce l l  #47-53 w a s  a n o t h e r  1 x 2 unit  o p e r a t e d  a t  60OoC. 
m a d e  by s in te r ing  p r e s i e v e d ,  highly ac t ive  n i cke l  p a r t i c l e s  onto 1 20 -mesh  n icke l  
s c r e e n .  
s i n t e r e d  p res i eved  s i l v e r  p a r t i c l e s  o n  1 2 0 - m e s h  s i lve r -p l a t ed  s t a i n l e s s  s t e e l  s c reen .  
T h e  MgO w a s  s i zed  to  be conta ined  b y  t h e  e l e c t r o d e s .  F i g u r e  4 i l l u s t r a t e s  the power 
a t  0. 5 volt  a s  a function of h o u r s  of opera t ion .  C e l l  ope ra t ion  w a s  voluntarily t e r m i -  
na t ed  a f t e r  828 hours .  
tw ice  tha t  of the  p reced ing  unit .  P o w e r  dens i ty  r e m a i n e d  42  to 48 wa t t s / f t2  f o r  m o r e  
than  400 h o u r s  of cont inuous  opera t ion .  
400 h o u r s  of opera t ion  and  cont inued  to about 500 h o u r s ,  when i t  l eve led  out f o r  the 
next 200 h o u r s  be fo re  r e s u m i n g  a s l o w e r  r a t e  of dec l ine  unt i l  ope ra t ion  w a s  volun- 
t a r i l y  t e rmina ted .  

F i g u r e  5 i l l u s t r a t e s  t he  e f f ec t s  o n  t h e  open c i r c u i t  vo l tage  and the  to ta l  po lar iza t ion  
of both the ,anode  and  ca thode  at 75 m a / c r n 2 .  
c a u s e  of dec l ine  i n  power output  of t he  ce l l  w a s  i n c r e a s e d  po la r i za t ion  of the cathode. 

I t  conta ined  p r i m a r y  anodes 
. 

The  ca thode  cons i s t ed  of No  secondary  e l e c t r o d e s  w e r e  used  i n  t h i s  unit. 

Not ice  tha t  t he  in i t ia l  power  dens i ty  of 50 w a t t s / f t Z  i s  about 

The  dec l ine  in  p e r f o r m a n c e  s t a r t e d  j u s t  a f t e r  

According to t h e s e  da t a ,  t he  m a j o r  

T h e r e  w a s  e s sen t i a l ly -no  change  in  the  open c i r c u i t  vo l tage  du r ing  the  entire opera t ion .  
However ,  po lar iza t ion  on  both e l e c t r o d e s  did i n c r e a s e .  
exhib i t s  a d i s t inc t  i n c r e a s e  i n  po la r i za t ion  s t a r t i n g  j u s t  a f t e r  400 h o u r s  and continuing 
to 'about 500 hours .  
a t  bes t  i t  exhib i ted 'a  s l igh t  d e c r e a s e  in polar iza t ion .  However ,  t h e  net r e s u l t  was  a ' 

d e c r e a s e  i n  power output. 

Pos t0pera t ix .e  
undergone additional s i n t e r i n g  s o m e t i m e  dur ing  t h e i r  ope ra t ing  life wi th  a n  accompany- 

Again notice tha t  the  cathode 

I: 
i T h e  anode  a t  t he  s a m e  t i m e  r e m a i n e d  a t  w o r s t  unchanged, and 

exainination of t h i s  c e l l  showed tha t  t h e  s i n t e r e d  s i l v e r  ca thodes  had 

ing d e c r e a s e  in s u r f a c e  a r e a .  
p a r t i c l e s  actually m e l t e d  in  s p o t s .  
tha t  a r e l a y  on the f u r n a c e  t e m p e r a t u r e  c o n t r o l l e r  s tuck ,  caus ing  overhea t ing  so that 
the  e l e c t r o d e  continued t o  s i n t e r .  
n i cke l  anodes ,  but t h e s e  e l e c t r o d e s  r e t a ined  m o s t  of t h e i r  o r ig ina l  porosity.  

T h e  e l ec t rode  a p p e a r e d  to b e  comple te ly  c losed  and the  
Li t t le  o r  no po ros i ty  r ema ined .  I t  is poss ib le  

S o m e  addi t iona l  s in t e r ing  w a s  a l s o  obse rved  on the 

F i g u r e  6 i l l u s t r a t e s  the  p o w e r  a t  0. 5 volt v e r s u s - h o u r s  of ope ra t ion  for c e l l  #47-140. 
Th i s  ce l l  contained 1 2 0 - m e s h  n i cke l  s c r e e n  p r i m a r y  anodes  and  5 0 - m e s h  n icke l  
s c r e e n  secondary anodes .  T h e  ca thodes  w e r e  s i l ve r -p l a t ed  1 2 0 - m e s h  s t a i n l e s s  s tee l  
z c r e e n s .  T h e  plating w a s  h e a v i e r  t han  tha t  u s e d  i n  c e l l  #47-47. 

2 
F r o m  100 to 500 h o u r s  of o p e r a t i o n  power output w a s  a t  a l eve l  of 35 to 40 w a t t s / f t  . 
Then  it i t a r t e d  to dec l ine ,  r each ing  22 w a t t s / f t 2  a t  1100 hours .  T h e  c e l l  w a s  t e r m i -  
na ted  \ oluntar i ly  a f t e r  11 17 h o u r s  of opera t ion .  

The  l e a s t  m e a n  s q u a r e  r e s u l t s  a r e  p re sen ted  i n  F ig .  7 and Tab le  I f o r  open c i r cu i t  
voltage and polar iza t ion  at 5 0  m a / c m 2  f o r  both anode and  ca thode  a s  a function of 
h o u r s  of opera t ion .  T h e  o r d e r  of cont r ibu t ion  t o  the  dec l ine  in power output of th i s  
unit a r e  open c i r cu i t  vo l tage  ..* ca thode  po la r i za t ion ,  . * anode  polar iza t ion .  Anode 
polarizati ,on,  however,  w a s  h ighe r  f r o m  the  s t a r t  than is usua l ly  obse rved .  T h i s  i s  
a t t r i bu ted  to the  u s e  of t h e  5 0 - m e s h  nickel s c r e e n  secondary  e l ec t rode .  
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Examinat ion of t he  e l e c t r o d e s  a f t e r  t e rmina t ion  showed tha t  t he  p r i m a r y  anode w a s  
flooded wi th  e l ec t ro ly t e  and  had undergone apprec iab le  oxidation. T,his oxidation i s  
cons ide red  the c a u s e  f o r  t he  d e c r e a s e d  open  c i r c u i t  vo l tage ,  but is  d i f f icu l t  t o  s ay  
wh ich  p r o c e s s  o c c u r r e d  f i r s t .  P r e v i o u s  e x p e r i e n c e  wi th  n icke l  anodes ,  however,  h a s  
shown tha t  nickel tends  .not t o  we t  e a s i l y  whi le  n i cke l  oxide does .  
l o s s  of ac t ive  ( fo r  the  fue l  c e l l  r eac t ion )  a r e a  m a y  also account  for t h e  i n c r e a s e  i n  
anode  polar iza t ion .  

T h e  accompanying 

S e v e r a l  t i m e s  dur ing  t h e  ope ra t ing  l ife of th i s  c e l l  a small f i r e  w a s  o b s e r v e d  on  one  
of t h e  ca thodes .  Although the  
f i r e  did not c a u s e  the c e l l  t o  fa i l ,  i t  did r e m o v e  t h e  s i l v e r  plating in  i t s  vicinity.  T h e  
r cd i s t r ibu t ion  of s i l v e r  r e su l t ed  in  a l o s s  of ac t ive  ca thode  s u r f a c e  a r e a ,  which could 
e a s i l y  account  f o r  the  i n c r e a s e  i n  ca thode  polar iza t ion .  Pos tope ra t ive  examinat ion  
of t h e s e  e l e c t r o d e s  conf i rmed  the  s i l v e r  r ed i s t r ibu t ion .  In many  p l a c e s  the  s t a in l e s s  
s t e e l  s c r e e n  w a s  exposed to  the  e lec t ro ly te .  

T h i s  f i r e  w a s  t h e  r e s u l t  of fuel r.eaching the  cathode. 

S i l \ . e r  mig ra t ion  o n  the  e l e c t r o d e s  and solubili ty in  the  e l ec t ro ly t e  c a n  b e  s e r i o u s  
p rob lems  in  any m o l t e n  ca rbona te  fuel ce l l .  
t h e r m a l  and concent ra t ion  g rad ien t s  along the  e l ec t rode .  T h e s e  g r a d i e n t s  c a n  be  
min imizcd  by good hea t  managemen t  and g a s  d is t r ibu t ion .  The  so lubi l i ty  a s p e c t s  
a r c  a l i t t l e  m o r e  compl ica ted .  
e l e c t r o d e  than the  amount  r e q u i r e d  f o r  good ca thodes .  Second, a n d  more impor t an t ,  
the  solubili ty of s i l v e r  c a n  l ead  t o  dendr i t e  fo rma t ion ,  wh ich  c a n  c a u s e  an e l ec t ron ic  
s h o r t  and subsequent  f a i l u r e  of t he  ce l l .  
h a s  a n  ad\.antage o v e r  t he  o t h e r  fixed m a t r i x  s y s t e m s .  3 j  

a mechan ica l  suppor t  f o r  the s i l v e r  dendr i t e s  th rough the  e l ec t ro ly t e .  
s)-stem provides  l i t t l e ,  i f  any, mechan ica l  suppor t  f o r  such  dendr i t e s ;  consequent ly ,  
i t  h a s  cons iderably  l e s s  tendency to form s h o r t s .  
2 0 0  c e l l s  containing s l u r r i e d  e l ec t ro ly t e  r evea led  no f a i l u r e s  b e c a u s e  of any  type of 
e l ec t ron ic  shor t ing .  
c e l l s .  

Mig ra t ion  c a n  be r e t a r d e d  by prevent ing  

F i r s t ,  m o r e  s i l v e r  m u s t  be  p r e s e n t  in i t ia l ly  o n  the 

In th i s  r e s p e c t  t he  s l u r r y - e l e c t r o l y t e  s y s t e m  
F i x e d  m a t r i x  ce l l s  p rovide  

T h e  s l u r r y  

Rel iab i l i ty  t e s t ing  of m o r e  than  

T h i s  w a s  not t he  c a s e  in  p rev ious  expe r i ence  w i t h  fixed m a t r i x  

Cel l  =33-1 \vas v e r y  s i m i l a r  t o  #47-140, but both secondary  and p r i m a r y  anodes 
\ \ e r e  cons t ruc t ed  of 1 2 0 - m e s h  n icke l  s c r e e n .  
0.  5 \.olt and the anode  and  ca thode  polar iza t ion  a s  a function of h0ur.s of opera t ion .  
T h r  open  c i r cu i t  voltage w a s  cons t an t  dur ing  th i s  per iod  of ope ra t ion .  
i o r  the power output a r e  shown. 
power output with t ime ;  however ,  th i s  s lope  is not s ign i f icant  ( s e e  T a b l e  I). 
c e l l  o p e r a t e d  a t  a n  a v e r a g e  power dens i ty  of 36-37 wa t t s / f t2 .  .It should  b e  noted that 
both anode  and ca thode  polar iza t ion  d e c r e a s e d  wi th  t i m e  and tha t . t hese  s lopes  a r e  
s ign i i ican t  ( s e e  Tab le  I ) .  However ,  when t h e i r  va r i a t ions  a r e  added t o  t h e  o the r  c e l l  
\ . a r i ab le s ,  no significant s lope  f o r  power output is obtained. 

F i g u r e  8 p r e s e n t s  t he  power  output a t  

All da t a  points 

The  
The  l e a s t  m e a n  s q u a r e  l ine  exhib i t s  a n  i n c r e a s e  in 

.4t 582 h o u r s  of ope ra t ion  additional e l ec t ro ly t e  w a s  added to  the  r e s e r v o i r  cup. 
powcr dec l ined  in  3 h o u r s  f r o m  4 2 .  5 w a t t s / f t 2  to 34. 5 wa t t s / f t2 .  
hour s  of ope ra t ion  it had dec l ined  f u r t h e r  to 31. 0 and  29. 8 wa t t s / f t2 .  At t he  s a m e  
t i m e  the polar iza t ion  a t  75 m a / c m 2  f o r  t he  ca thode  s t a r t e d  to  d e c r e a s e ,  whi le  that 
of the  anode inc reased .  T h e s e  obse rva t ions  m a y  b e  explained on  the  b a s i s  that  the 
additional e l ec t ro ly t e  i n c r e a s e d  the  wetting a t  both e l ec t rodes .  
c;+thode the  o r ig ina l  wetting w a s  l e s s  than op t imum,  whi le  a t  the anode i t  w a s  m o r e  
than opt imum. 

T h e  
At  602 and 625 

In the  c a s e  of the 
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+his-  c e l l  w a s  .allowed.to o p e r a t e  f o r  a total  of 2000 h o u r s  before  i t  was :voluntar i ly  
t e rmina ted .  Power  output  r e m a i n e d  above  24 w a t t s / f t  f o r  the e n t i r e  2000 !ours. . 

T h e s e  da t a  a l l  point t o  the  compos i t ion  and s t r u c t u r e  of the cathode as  the weakes t  
point in the p r e s e n t  c e l l  s t r u c t u r e  and s y s t e m .  
a t  app rec i ab ly  reducing o r  o v e r c o m i n g  t h i s  l imitat ion.  . Figure '  9 r e p r e s e n t s  a '  s t e p  ' ' 

toward  i n c r e a s e d  power p e r f o r m a n c e .  'A t  0 .60  volt  t h i s  'cel l  was  .producing 60 'wat ts l f t2 .  
At m a x i m u m  power i t s  output approached  70 w a t t s / f t 2 .  The total  anode polar izat ion '  
w a s  110 m i l l i v o l t s ~ a t  100"amps / f t2 .  whi le  the ca thode  po la r i za t ion  w a s  260 mil l ivol ts  
a t  t h e  s a m e  c u r r e n t  aens i ty .  
and the  m o r e  p romis ing  a r e a  for fu tu re  r e s e a r c h .  

Resea r , ch  on  new e l e c t r o d e s  i s  continuing. 
s t ruc t ion  i s  re la t ively new, a n d  a t  t h i s  wr i t ing  the  inves t iga t ions  a r - e . s t i l l ' o n  the lower 
por t ion  df the learn ing  c u r v e .  
a sus t a ined  stea'dy p e r f o r m a n c e  of 15 to 20 wa t t s l f t '  t o  3 5 t o  40 w a t t s / f t 2 .  
diff icul t , to  p ro jec t  what . the  power  output of s i m i l a r  c e l l s  w i l l  be in the future .  

Mul t ice l l  Unit 

A view of a 3 x 2. unit  is shown in  Fig.  10. 
i t  i s  thr-ee .1 x 2 units connec ted  e l ec t r i ca l ly  in s e r i e s .  
2 x 2 uni ts  'have been o p e r a t e d  on a m i x t u r e  of H2 , -  C 0 2 ,  and N 2  which s imula t e s  
p a r t i a l  oxidation of J P - 4 .  9 s  l o  The  C 0 2  supply f o r  the cathode is obtained by ,com-  
busting the .fuel gas effluent f r o m  the anodes  i n  t h e ' f u r n a c e  chamber .  
had in t e rmi t t en t .power  output i n  the  40 t o  60 w a t t s / f t 2  r ange  .for s h o r t  t i m e  i n t e r v a l s  ., 
(6  to 2 4  h o u r s ) ,  and 20 to  40 w a t t s / f t 2  for hundreds  of hour s  of opera t ion .  
ca thodes  employed in  t h e s e  un i t s  r e s e m b l e  those  used  i n  c e l l  #47-47. 

F i g u r e  11 is a view of a 6 x 6 uni t  cons is t ing  of t h r e e  p a r a l l e l  combina t ions  of two 
3 x 2 uni ts  in s e r i e s .  
Power  output has  been  a s  h igh  a s  33 w a t t s  a t  3.. 0 volt  and  has rema ined  between.25 
and 30 wa t t s  f o r  longer  than  500 hour s  o f -ope ra t ion .  

2 

. .  . .  
C u r r e n t  exp lo ra to ry  work  i s  a i m e d  

E v e n  in th i s  c e l l  t he  cathode p r e s e n t s  , .  the g r e a t e r  problem 

The  s lu ' r ry -e l ec t ro ly t e  c e l l  des ign  and  con- 

In l i t t l e  ove r  e ight  mon ths ,  p r o g r e s s  has  been  m a d e  fr'om 
It 1s 

. .  

T h i s  unit c o n s i s t s  of 6 cells.. Essen t i a l ly ,  
T h e s e  units and, s o m e  s i m i l a r  

These  units have 

The  

T h i s  uni t  conta ins  one s q u a r e  foot e a c h  of anode and ca thode .  

Conclusion 

F u e l  c e l l s  employing a m a g n e s i a  a lka l i  ca rbona te  s l u r r y  a s  the e l ec t ro ly t e  have been 
successfu l ly  ope ra t ed  f o r  ex tended  t i m e  i n t e r v a l s .  
than 2000 h o u r s  has  been  ach ieved .  Power  output i n  s m a l l  uni ts  opera t ing  on a s imu-  
l a t ed  n a t u r a l  gas r e f o r m a t e  fue l  h a s  been  ma in ta ined  a t  35 to  40 w a t t s / f t 2  f o r  longer  
than 1000 hour s .  Mul t ice l l  un i t s  have been  ope ra t ed  on a s imula t ed  fuel r e p r e s e n t a -  
t ive of pa r t i a l  oxidation of J P - 4  a t  n e a r l y  the s a m e  l eve l .  

Continuous ope ra t ion  f o r  m o r e  

New e lec t rode  composi t ions  and  s t r u c t u r e s  i n  t he  ini t ia l ,  r e s e a r c h  s t age  at t h i s  t i m e  
a r e  yielding power d e n s i t i e s  equiva len t  to 60 to  70 w a t t s / f t 2 .  

T h e r e  a p p e a r s  to be no fundamenta l  r e a s o n  why s l u r r i e d  mol t en  ca rbona te  fuel ce l l  
s y s t e m s  should not ach ieve  s ignif icant ly  h igher  power dens i t i e s  and longe r  opera t ing  
p e r i o d s  than those r e p o r t e d  h e r e .  
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T A B L E  I 

C o m p u t e r  Resu l t s  

L e a s t  M e a n  S q u a r e  F i t  of Da ta  P r e s e n t e d  in 
F i g u r e s  3-8 

: Std. E r r o r  of Std. E r r o r  of 
t Slope I n t e r c e p t  Slope Obse rva t ion  

wa t t s / f t2 /1000  h r s  w a t t s / f t 2  watts/ftL/lOOO h r s  wa t t s / f t2  ; 
. Dependent  or o r  o r  o r  

Unit Number  

. Var iab le"  v o l t s  / 10 00 h r  s vo l t s  vol ts /1000 h r s  volts 

#47 - 47 
P o w e r  0 .7  v -0 .7  17. 2 1 . 0  1 . 1  
P o w e r  0 . 5  v 1 . 5  25. 8 1 . 5  1 . 7  : 

#47-53  
P o w e r  0 . 5 ~  
Open c i r c u i t  vol tage 
Anode - pola r izat ion 

Cathode-polar izat ion 

2 

2 

75 m a / c m  

75 m a / c m  

#47-140 
P o w e r  0 . 5 ~  
Open c i r c u i t  vol tage 
Anode-polarization 

Ca thode -po la r i za t ion  
50 r n a / c m 2  

50 m a / c m 2  

- 3 4 . 6  
- 0 . 0 3  

.o. 12  

0 . 2 2  

-19 .6  
- 0 . 0 9  

0.06 

0. 07 

1 . 0  

52 
0. 92 

0. 1 5  

0. 05 

44 
1 . 0 1  

0. 1 6  

0. 1 3  

3.7 3.0 
0.01 0.009 

0. 03  0.02 
I 

0. 0 9  0. 07 i 

2.9 3 .0  
0 . 0 2  0 .02  . 

0 .02  0 .02  

5 
0 .01  1 0. 0 l 5  

i 

3.1 4. 8 
P33-1 

P o w e r  0 . 5 v  
, Anode-polar izat ion 

- 0 . 0 4  0.  17 0 . 0 2  0 .03  75 m a / c m  

75 m a / c m '  -0 .05  0. 30 0 .04  0 .05  
! 

2 

Cathode-polar izat ion 

I + H o u r s  of ope ra t ion  is the  independent  v a r i a b l e .  
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Fig. 

, 
0 

3 

1. -VIEW OF 1 x 2 UNIT SHOWING ONE WOFKUTG CATHODE, 
IDLING ELECTRODE, AND THE FLECTROLYTE RESERVOIR. 

THE 

ELECTROD FUEL 
PLENUM 

I 

Fig. 2 . - A  CUT AWAY PERSPECTIVE OF A 1 x 2 UNIT. 
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# 47.-47 60Q.C 

- 
0.7 v 

0 
ANODE GAS:  WET H2 - 80% CATHODE GAS: A I R  - 80% 

c o p  - 20% cop - 20% - 
I I 1 I 

0 300 600 900 1200 

H O U R S  OF O P E R A T I O N  

Fig. 3. -POWER OUTPUT AT CELL TEFNINAL VOLTAGES ( I R  INCLUD&) OF 
0.5 v. and 0.7 v. IS PLOTTED AS A FUNCTION OF HOURS OF 
OPERATION. SOLID UNES ARE THE BEST LEAST MEAN SQUARE 
FITS .  DASHED LINES INDICATE THE STANDARD ERROR OF THE 
OBSERVATIONS FROM THE LINES. 

I I I 

50 - 

40 - 
N 

30- 
\ 
v) 
I- z 20- s CATHODE G A S :  A I R  - 80% 1 

cop - 20% 

I 
" 
0 200 400 600 800 

HOURS OF OPERATION 

Fig. 4. -POWER OUTPUT A T  A CELL TERMINAL VOLTAGE ( I R  INCUSDED) 
OF 0.5 v. IS PLOTTED A S  A FUNCTION OF HOURS OF OPERATION. 
SOWD LINE I S  THE BEST LEAST MEAN SQUARE FIT. DASHED 
LINES INDICATE THE STANDAFD ERROR OF THE OBSERVATIONS 
FROM THE LINE. 

' I  
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I I 1 I 1 1  
# 4 7 - 5 3  600.C 

o c v  
0 -o-o-o-o-o-o-o~o,o - o . a . o  

06 1.. 
c_ ANODE - 7 5  miicrnz 

0 I I 1 I 
0 200 400 600 eo0 

HOURS OF O P E R A T I O N  , 

Fig.  5.-TOTAL CATHODE ANn ANODE POLARIZATION INCLUDING I R  AT 75 
MA/CM2 AND THE CELL OPEN CIRCUIT VOLTAGE ARE PLOTTED AS 
A EWNCTION OF HOURS OF OPERATION. SOLID LINES ARF: THE 

STANDARC ERROR OF THE OBSERVATIONS FROM THE LINES. 
, BEST LEAST YEAN SQUARE F I T .  DASHED TJNES INDICATE THE 

. .  

I I I I 
Y47-140 650'C 

ANODE G A S :  WET H2 - BOK 

4 0 1  :%.: -4  c02 - 20% 

CATHODE G A S  A I R -  BOOA 

Cop - 20X 

0 300 600 900 1200 
0 

H O U R S  O F  O P E R A T I O N  

Fig. ;.-POWER OUTPUT AT A CELL TERMINAL VOLTAGE ( I R  INCLUDED) OF 
0 . 5  v. IS  PLOTTED AS A FUNCTION OF HOURS OF OPERATION. 
SOLID LINE IS THE BEST LEAST MEAN SQUARE F I T .  DASHED 
LINES INDICATE THE STANDARD ERROR OF TKF: OBSEHVATIONS FROM 
THE LINE. 
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I . 2  I I I 

0' I I 
I 1200 

300 600 900 

HOURS OF OPERATION 

0 

Fig. 7.-TOTAL CATHODE AND ANODE POLARIZATION INCLUDING IR AT 50 MA/CM2 
AM, CELL OPEN CIRCUIT VOLTAGE ARE PLOTTED AS A FUNCTION OF 
HOURS OF OPERATION. SOLID LINES ARE THE m T  LEAST MEAN SQUARE 
FIT. DASHED LINES INDICATE THE STANDm ERROR OF THE OBSERVATIONS 
FROM THE LINES. 
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HOURS OF OPERATION !! 
'Fig 8 . ' P O ~  O U "  AT A CELL TERMINAL VOLTAGE (IR INCLUDmJ OF 0.5 v . 

AND TOTAL ANODE AND CATHODE POLdRIZATION AT 75 MA/CM ARE PLoT'I'ED 
A FUNCTION OF HOURS OF OPERATION. SOLID LINES INDICATE THE 

STANDARD ERROR OF THE OBSERVATIONS FROM THE LINES. 
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FLIT. 9.-VT IS THE CUHRENT-VOLTAGE CURVE VVITH I R  INCLLDED. POWER 

OUTPlT IS 60 WATTS/FT* AT 0.6 v .  CELL TERMINAL VOLTAGE. 
CURm VA INDICATES TOTAL ANODE FOLQBIZATIOK. 
TOTAL ANODE FOLARIZATIOK VfTTH I R  IS 110 M I U I V O L T S .  
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Fig. lO . -vTENv OF A 3 x 2 UNIT SHCWING HALF' OF THE W(JPXTI\IG CATHODES. 
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